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ABSTRACT:  \his  document  is  .Siother  of  a series  of  reports  issued 
by  the  DCA/MEECN  System  Engineer  which directed  at  definitive 
prediction  of  the  time  availability-  of  VLT/LF  radio  system  included 
in  the  !CECN.  Thte  studies  described  in  this  report  are  critical  to 
VLF/Li'  system  perfon:ance.  The  Tri -Service  Propagation  Program  was 
established  by  the  rXECN  Syst«n  Ei^ineer  to  improve  the  accuracy  and 
re-liability  of  VLF/LT  link  Integrity  analyses. 

This  report  presents  experimental  data  derived  from  field 
strengths  of  VLT/LF  signals  between  9 and  56  kHz  measured  on  several 
mid-latitude  paths.  Comparisons  between  experimental  data  and 
theoretical  predications  are  shewn  for  several  flights,  both  in  day- 
time and  in  nighttime,  over  the  path  from  Hawaii  to  southern 
California.  The  aomparisons  show  that  an  essentially  constant 
exponential  electnjn  density  profile  describes  the  data  for  all 
the  frequencies  in  the  above  range  for  daytime;  whereas  at  night, 
the  best  fit  expuonential  profile  gradient  increases  with  frequency. 
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EXECUTIVE  SUWARY 

I.  INTRODUCTION 

Tacamo  aircraft  (Navy),  airborne  cotmand  posts  (Air  Force)  and  certain 
fixed  site  transmitting  facilities  provide  strategic  communications  capability 
in  the  very  low  frequency  (VLF,  15  to  30  kHz)  and  the  low  frequency 
(ir,  30  to  CO  kHz)  ranges.  These  mnniunication  systems  are  considered 
to  be  the  most  survivable  in  a nuclear  war  environment. 

The  Minimum  Essential  Emergency  Communications  Network  (MEECN) 
requires  a nign  probaoility  of  correctly  receiving  a message  during 
disturueii  conditions.  Tlierefore,  an  accurate  knowledge  and/or 
assessment  of  system  canabiUty,  includinn  propagation  and  associated 
link  connectivity,  is  required  in  order  for  the  MEECN  System  Engineer 
to  develop  a viable  MEECN. 

The  purpose  of  the  Tri-Service  Pronanatinn  Program,  as  established  by  the 
Defense  Communications  Agency  (DCA),  is  to  develop  a reliable  and  accurate 
propagation  prediction  capability  that  will  allow  the  system  engineer  to  plan 

for  the  deployment  and  operation  of  the  above  joint  assets  and  to  reliably 
assess  comunication  performance  through  an  increased  understanding  of  the 
propagation  environment.  The  accuracy  of  VLF/LF  propagation  prediction 
computer  codes  is  sensitive  to  the  ionospheric  parameters  used  in  the  analytic 
process.  These  parameters:  electron  density,  ionospheric  height,  and  electron- 
neutral  particle  collision  frequency  cannot  be  specified  by  single  valued 
functions,  rather  they  are  found  to  vary  greatly  with  respect  to  time,  season 
of  year  and  geographic  location.  This  phenomenon  while  not  surprising  to  the 
ionospheric  physicist  has  often  been  misleading  to  system  planners  when  analyzing 
propagation  predictions. 
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This  report  shows  the  development  of  a capability  to  make  predictions  of 
TM-mode  signal  levels  during  normal  propagation  conditions  at  midlatitudes  and 
for  frequencies  below  60  kHz.  The  need  exists  to  extend  this  capability  to 
higher  latitudes  and  to  Include  the  TE-mode  of  propagation.  With  these  additional 
abilities  for  making  accurate  predictions  realistic  operational  conditions, 
under  which  existing  and  future  Improved  VLF/LF  MEECN  links  are  to  operate, 
can  be  assured.  A task  of  the  Tri-Service  Propagation  Program  is  to  identify 
and  mathematically  describe  the  ionospheric  electron  density  profiles  and  other 
geophysical  parameters  which,  when  used  with  the  propagation  prediction  computer 
codes  (references  25  and  26),  will  insure  that  reliable  evaluation  of  system 
perfonnance  can  be  achieved. 

This  technical  report  describes  part  of  the  current  Tri-Scrvice  efforts  in  ’ 

the  af.(|uisition  of  VI.F/LF  propaeation  dat,i  over  several  propagation  paths.  The  j 

rn'dlatiliide  geonraphic  area  is  examined  in  detail  in  this  renort.  Analysis  of 
data  recordc-d  over  other  paths  will  be  reported  separately  \ 

n.  EXPFPIMlNT  and  PROCEDURF  ■ 

The  experimental  rieasiiremcnts  described  in  the  present  report  include 
VLE/LF  radio  signals  radiated  by  various  sources.  These  consist  of  those  radia- 
ted !y  dirharnc  lono- trai 1 inq  v/ire  antnnnas,  fixed  site  operational  cnnnunication 
systems  :nvl  an  experimental  oliliguc  incidence  'ml  t i-fsequency  sounder  used  to 
provide  "controlled  condition"  data. 

Most  of  the  propagation  data  were  recordesi  onboard  an  RADC  inflight  KC-135 
aircraft  during  flights:  across  the  continental  United  States  (CONUS);  from 
CONUS  to  Alaska,  fireonland  and  Enqland;  from  Greenland  to  Alaska  and  England; 
and  fra'i  l!-;aii  to  Califomi,!.  Also,  sounder  transmissions  were  recorded  at 
grourid-l)ased  receivers  placed  at  Glasgow  AEI’  (Montana)  and  Saskatoon,  Saskatchev/an, 

I 

Cariad.i  in  order  to  ofitain  tirif'  varial)ility  of  the  Vl.F/I.F  signals.  For  coismun- 
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ication  from  aircraft  to  aircraft,  the  importance  of  the  horizontal  electric 
field  has  been  recognized  as  a possible  means  to  enhance  system  performance 
and  therefore  is  included  in  this  effort. 

III.  THt  VLF/LF  PROPAGATION  MODEL 

The  VLF/LF  propagation  prediction  computer  programs  (references  25  and 
26),  used  to  calculate  predicted  signal  levels  for  MEECM  evaluation  obtain  the 
fullv/ave  solution  for  a v/aveguide  whose  upper  boundary  has  arbitrary  electron 
and  ion  density  distributions  with  height,  and  an  adjustable  collision  frequency 
profile;  and  whose  lower  boundary  is  an  earth  which  is  characterized  by  an  adjust- 
able surface  conductivity.  The  model  also  allows  for  earth  curvature,  ionospheric 
and  ground  inhomogeneity  and  anisotrophy  (resulting  from  the  earth's  magnetic 
field).  VLF/LF  TTi  and  TE  fields  at  any  altitude  above  the  ground  are  computed 
for  ground  based  and  airborne  transmitting  systems  with  arbitrary  orientation 
of  the  transmitting  antenna.  This  model  has  been  subject  to  much  analysis  and 
verif icat  Ion  with  the  conclusion  that  it  provides  the  best  known  tool  ^cr  com- 
plete system  performance  analysis.  For  the  present  report,  the  profiles  are 
assigned  exponential  relationships  with  height,  and  are  identified  by  the  terms 
t?  (km  and  H'  (km).  Here  6 is  a gradient  or  scale  height  parameter  and  II' 
is  the  approximate  heioht  of  reflection.  The  exponential  form  of  these  profiles 
was  chosen  because  in  the  past  they  have  proved  to  provide  very  good  agreement 
with  data. 

IV.  DATA  ANALYSIS 

The  data  analyzed  in  this  report  consist  mainly  of  niul ti-frequency  sounder 
measurements  taken  aboard  the  RADC  inflight  aircraft  for  transmissions  across 
the  Pacific  Ocean  betw':^en  Hawaii  and  Southern  California.  TF.  field  data  recorded 
during  one  of  the  flights  to  Hawaii  and  other  available  TE  field  data  are  also 
presented  and  analyzed. 


The  procedure  used  to  detemine  the  effective  long  propagation  path  electron 
density  profile  is  to  conpare  measured  data  with  fields  corputed  using  the  pro- 
pagation prediction  computer  program  and  various  assumed  ionospheric  profiles. 

By  a trial  and  error  process,  the  profile  which  provides  the  closest  agreement 
with  the  measurement  is  considered  to  be  the  one  which  best  represents  the 
propagation  conditions  existing  during  the  measurement  period. 

V.  CONCLUSION 

For  propagation  at  nidlatitudes  in  a winter  daytime  environment,  the  use 
of  approximately  identical  exponential  electron  density  profiles  at  frequencies 
between  9 and  56  kHz  will  adequately  predict  the  measured  sinnal  levels.  The 
values  of  the  "best-fit"  exponential  electron  density  profiles  were  <5  = 0.3  km”^ 
and  H'  = 72-75  km. 

In  order  to  best-fit  the  winter  nighttirie  fields,  it  was  found  necessary 
that  the  value  of  the  exponential  electron  density  gradient  parameter  s 
increase  with  frequency.  The  range  of  this  parar^eter  varied  from  0 3 at  ^.4  kHz 
to  0.7  or  1.2  at  56  kHz.  The  value  of  the  H'  parameter  was  determined  to  vary 
between  86  and  89  km,  depending  or  frequency  and  the  aircraft  flight  from  which 
the  experimental  data  were  recorded.  The  variations  in  ? from  0.7  to  1.2  at 
the  higher  freoii'ncies  on  tvjo  different  nights  illustrates  changes  in  the  ionosphere 
for  the  two  nights.  T”e  fact  that  different  best-fit  exponential  p'^ofiles  are 
obtained  over  the  VLT/LF  ‘and  at  night  suggests  the  possibility  that  a more 
general  nul ti -parameter  profile  is  needed  to  represent  VLf/LF  propagation  rather 
than  the  two  parameter  exponential  representation. 
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Based  on  the  field  strength  levels  recorded  over  the  midlatitude  Hawaii 
to  Southern  California  transmission  path  the  following  exponential  profiles 
most  accurately  describe  the  propagation  data. 


Table  ES-1; 

R£co:r£ND:o  ELiCTr.cr;  tensity 

PROFILES  FOR  USE  IN  rRCPAGATICN 
PREDICTIONS  (trial atituce) 


■niAYIlME 

Winter 

HioMI  Tii'ic 

Winter 

Frequency 

Profi le 

Frequency 

Profi le 

6 H'  (km) 

! iMz) 

6 H'  (km) 

y-60 

B=0.3,  H’=74 

below 

10 

1 

$=0.3,  H'=S7  j 

10  - 

15 

ft 

o 

It 

CO 

15  - 

25 

$=0.5,  H'=87 

i 

25  - 

30 

$=0.6,  M'=28  j 

30  - 

40 

$=0.7,  H’=3S’ 

— 

CO  - 

JO 

These  ionospheric  profiles  result,  in  predictions  of  signal  amplitudes 
which  on  the  average  are  within  2 for  daytime  and  within  3 dB  for  nighttime 
of  those  arplitudos. 

tiori^rntal  ly  polarised  (TF)  as  vvel1  as  vertically  polarized  (TM)  electric 
fields  are  important  for  meeting  the  'lEFCN  requirement  for  a viable  communication 
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system  involving  the  airborne  assets.  Calculations  made  with  the  propagation 
prediction  computer  program,  (reference  25),  and  which  agree  with  measured  data 
indicate  that  stronger  signal  levels  can  be  obtained  for  the  horizontal  electric 
field  than  for  the  vertical  electric  field  at  operational  aircraft  altitudes. 

VI.  RECOMMENDAliCNS 

The  use  of  exponential  electron  density  profiles,  as  presented  in  Table 
ES-1,  is  recotm^ended  in  analyses  of  deployment,  operation  and  evaluation  of 
VLF/LF  MEECN  assets  involving  mid-latitude  propagation  paths  in  the  winter. 

In  a previous  report,  (reference  16),  the  profile  s » 0.5  km'\  H'  » 87  km 
was  determined  to  produce  acceptable  nighttime  TM  signal  levels  throughout  the 
10-30  kHz  frequency  band  and  its  use  v;dS  suggested  for  frequencies  up  to  60  kHz. 
Utilization  of  the  nighttime  profiles,  as  presented  in  Table  ES-1,  results  in 
an  improvement  in  predicting  signal  amplitudes.  The  improvements  are  a function 
of  propagation  range  and  the  average  improvement  over  the  4 Mn  path  from  Hawaii 
to  Southern  California  are  shown  in  Table  ES-2. 

Table  ES-2: 

IMPROVEMENTS  IN  THE  ACCURACY 
OF  PREDICTED  SIGNAL  LEVFIS  OVER 
THAT  ORTAr.'ED  FROM  PREVIOUSLY 
RECo:-i':rr;DED  pPxOfile 
(Midlatit'ide  - '-/inter) 
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Frequency  (kHz)  | 

dB 

28.0 

1 

37.4 

3 

40.5 

4 

46.7 

5 

52.9 

5 

56.0 

9 

rs-6 


As  suggested  earlier  both  seasonal  and  latitudinal  variations  occur 
in  the  ionospheric  parairteters  and  hence  the  values  of  the  F and  H'  as 
presented  in  Table  ES-1  apply  only  to  propagation  during  the  winter  months 
for  midlatitudes.  Application  to  other  conditions  nay  yield  as  much  as 
6 dB  variance  in  predicted  performcnce.  Therefore,  the  accuracy  of  the  VLF/ 

LF  propagation  procedure  for  other  seasons  of  the  year  and  for  other  geograph- 
ical latitudes  needs  to  be  examined. 
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I.  INTRODUCTION 

There  is  need  for  the  Air  Force  and  the  Navy  to  maintain  reliable  communi- 
cations in  the  very  low  frequency  range  (VLF,  17  to  30  kHz)  and  in  the  low  fre- 
quency range  (LF,  30  to  60  kHz).  For  this  reason  the  Defense  Communications 
Agency  (DCA),  through  the  Minimum  Essential  Emergency  Comnuni cations  Network 
(MEECN)  Systems  Office,  has  established  the  Tri-Service  Propagation  Program. 

In  order  to  design,  deploy  and  maintain  the  essential  comnuni cation  cir- 
cuits required  by  the  MEECN,  reliable  knowledge  of  the  radio  signal  amplitude 
and  phase  characteristics,  together  with  the  properties  of  the  atmospheric  r.oise, 
is  required. 

The  purpose  of  the  Tri~Service  Propagation  Program  is  to  develop  reliable 
and  accurate  propagation  prediction  techniques  that  will  allow  the  MEECN  to 
reliably  assess  communication  performance  and  to  examine  possible  improvements 
in  systems  performance  through  an  increased  understanding  of  the  propagation 
environment. 

Several  books  concerning  VLF/LF  propagation  prediction  theory  have  been 
written  in  the  past  (references  1,  2 and  3).  The  earliest  prediction  techniques 
used  empirical  formulas  that  represent  the  "best  fit"  to  a large  volume  of  data. 

In  recent  years,  propagation  theories  have  been  developed  that  describe  the 
physics  of  interaction  of  the  radio  wave  with  the  earth  and  the  ionosphere  (refer- 
ences 4,  5,  and  6).  These  have  been  used  quite  satisfactorily  to  describe  most 
measured  characteristics  of  the  radio  signal,  such  as: 

A.  Phase  velocity  variation  with  frequency  used  by  OMEGA  and  other  VLF/LF 
radio  navigation  aios  (reference  7). 

B.  Modal  interference  pattern  at  all  frequencies  in  the  VLF  band  (refer- 
ence 8). 
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C.  Fields  excited  by  ground-based  and  airborne  vertical  and  horizontal 
radiating  antennas  (reference  9). 

D.  Effect  of  propagation  on  performance  of  wide-band  coherent  communi- 
cation systems  (reference  10). 

The  effective  ionospheric  conductivity  profile  is  the  parameter  that  is 
most  uncertain  in  a propagation  prediction  procedure.  This  conductivity  param- 
eter is  a function  of  the  electron  density  and  the  electron-neutral  particle 
collision  frequency.  A successful  technique  for  determining  the  conductivity 
profile  is  to  "sound  the  ionosphere"  by  measuring  VLF/LF  radio  transmissions 
and  then  to  compare  the  resulting  field  strengths  to  those  predicted  by  analyti- 
cal propagation  models  into  which  an  assumed  profile  has  been  incorporated.  If 
the  measured  and  computed  results  do  not  agree,  other  trial  profiles  are  tried 
in  the  propagation  model  until  a "best  fit"  to  the  measured  data  is  found. 

In  the  past,  much  of  the  VLF/LF  propagation  data  reported  in  the  literature 
have  consisted  of  measurements  made  at  a single  receiver  site  on  one  propagation 
frequency  over  a given  path.  This  limited  type  of  data  has  not  proven  useful 
for  determining  the  conductivity  profile  of  the  ionosphere  through  which  the 
radio  wave  must  pass.  Data  recorded  using  the  Naval  Electronics  Laboratory 
Center  (NELC)  oblique  incidence  multi-frequency  sounder  (reference  11),  on  the 
other  hand,  gave  signal  levels  at  many  frequencies  simultaneously.  With  this 
type  of  data  acquisition,  much  more  data  are  available  at  the  termination  of  a 
single  propagation  path,  and  in  the  case  where  the  receiver  is  placed  aboard  an 
Inflight  recording  aircraft,  multi -frequency  data  is  obtained  as  a continuous 
function  of  distance.  The  availability  of  such  multiple  frequency  data  provides 
a facility  for  determining  a more  unique  form  of  ihe  ionospheric  conductivity 
profile  than  has  previously  been  possible. 
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The  technique  described  above,  for  determining  the  conductivity  profile 
of  the  ionosphere,  has  been  applied  successfully  to  propagation  data  measured 
on  equatorial  and  low-latitude  paths  (references  12,  13,  14  and  15).  These 
data  were  primarily  obtained  from  VLF  transmissions.  A very  limited  amount  of 
Information  and  data  has  been  available  concerning  the  effective  ionospheric 
profiles  that  support  long-distance  LF  propagation  and  VLF/LF  propagation  in 
the  higher  latitudes;  i.e.,  polar  cap  region,  auroral  zone  and  mid-latitudes. 

To  improve  the  reliability  of  propagation  predictions  for  those  frequen- 
cies and  propagation  regions  where  data  has  been  limited  or  unavailable,  the 
experimental  data  acquisition  program,  which  is  described  in  this  report,  was 
designed  so  that  measurements  were  obtained  for  both  VLF  and  LF  transmissions 
over  paths  of  operational  interest  to  the  Office  of  MEECN  System  Engineering 
(OMSE)  of  DCA.  These  paths  were  characterized  by  the  following  properties. 

A.  Paths  involving  primarily  sea  water  at  nearly  constant  geomagnetic 
latitude  where  the  propagation  paths  may  be  assumed  to  be  horizontally  homogen- 
ous, thus  simplifying  interpretation  and  analysis  of  the  data. 

B.  High-latitude  paths;  i.e.,  those  passing  through  the  polar  cap  region 
and  auroral  zone.  Paths  which  pass  through  these  regions  provide  an  opportunity 
to  determine  the  ionospheric  conductivity  profiles  as  produced  by  solar-geophysi- 
cal phenomena  such  as  PCA  events,  solar  flares  and  geomagnetic  storms. 

C.  Paths  which  contain  highly  varying  ground  conductivities,  such  as 
propagation  across  Canada  and  over  the  Greenland  ice  cap.  These  paths  are 
Included  to  examine  the  utility  of  th ? prediction  model  in  simulating  these 
propagation  conditions. 

Once  a sufficient  amount  of  experimental  data  has  been  acquired,  the  iono- 
spheric parameters;  i.e.,  electron  density  profiles  which  describe  the  propaga- 
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tion  environment,  may  be  determined  with  sufficient  accuracy  to  Insure  reliable 
predictions  of  VLF/LF  signal  levels.  These  predictions  can  be  used,  together 
with  data  on  signal  variability,  atmospheric  noise,  and  system  parameters,  to 
compute  the  time  availability  of  MEECN  VLF/LF  links. 

This  report  Is  divided  into  the  following  sections:  Section  II  describes 
the  Tri-Service  VLF/LF  propagation  experiment  in  general;  Including  propagation 
paths  over  which  data  was  obtained,  the  characteristics  of  the  VLF/LF  transmit 
and  receive  systems,  and  comments  related  to  the  measured  data.  Section  III 
describes  the  propagation  model  used  for  computer  simulation  of  the  recorded 
signal  levels.  Section  IV  describes  the  method  of  data  analysis  and  the  results 
obtained  as  to  "best  fit"  electron  density  profiles  to  the  recorded  data.  Con- 
clusions and  recommendations  are  presented  in  Sections  V and  VI. 

A general  summary  of  previous  comparisons  of  predicted  VLF/LF  signal 
levels  with  propagation  data  has  been  presented  in  reference  16. 


II.  EXPERIMENT  AMD  PROCEDURE 


A.  General 

Acquisition  of  initial  VLF/LF  propagation  data  for  use  in  the  Tri- 
Service  Propagation  Program  has  been  achieved.  The  experimental  measurements 
described  and  utilized  in  the  present  report  include  VLF/LF  radio  signals  that 
were  radiated  by  airborne  long-trailing  wire  antennas,  fixed  site  operational 
communication  and  navigation  systems  and  experimental  transmitting  facilities, 
such  as  the  NELC  oblique  incidence  mul ti -frequency  sounder,  that  was  used  to 
provide  "controlled  condition"  data.  The  transmitted  signals  were  recorded 
aboard  an  inflight  aircraft  flying  primarily  radials  to  or  from  transmitters, 
at  flight  terminal  points,  and  at  some  intermediate  locations.  Propagation  data 
were  also  obtained  at  some  fixed  site  locations  on  ground-based  receivers. 

In  October  1973  and  January-February  1974,  primarily  nighttime,  propa- 
gation data  were  recorded  onboard  a Rome  Air  Development  Center  (RADC)  KC-135 
aircraft.  The  measurements  were  made  during  flights:  across  the  continental 
United  States  (CONUS);  from  CONUS  to  Alaska,  Greenland  and  England;  from  Greenland 
to  Alaska  and  England;  and  from  Hawaii  to  California.  Also  in  October  1973, 
about  three  weeks  of  sounder  transmissions  were  recorded  at  ground-based  receivers 
placed  at  Glasgow  AFB  (Montana)  and  Saskatoon,  Saskatchewan,  Canada,  in  order  to 
obtain  time  variability  of  the  VLF/LF  signals. 

Signals  monitored  during  the  October  and  January-February  propagation 
measurements  included:  the  NELC  lO-frequency  VLF/LF  sounder  transmissions  from 
Sentinel  (Arizona),  Thule  (Greenland),  and  Hawaii;  operational  Navy  and  Air  Force 
VLF/LF  transmitters;  and  on  30  January,  airborne  transmissions  from  a TACAMO  and 
an  ABNCP  aircraft  during  other  MEECN  tests. 

Although  all  operational  receive  antennas  are  vertically  polarized,  the 
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Tri-Service  data  acquisition  program  also  includes  an  evaluation  of  the  usefulness 
of  the  horizontal  electric  field.  There  has  been  recent  evidence  (reference  9) 
that  these  horizontal  fields  may  be  particularly  important  during  nighttime  propa- 
gation periods  when  the  transmissions  are  from  aircraft  to  aircraft.  To  record 
data  of  both  polarizations  (i.e.,  TM  or  the  vertical  electric  field  (E^)  and  the 
TE  or  horizontal  electric  field  (Ey)),  special  loop  receiving  antennas  were  con- 
structed and  installed  aboard  the  RADC  aircraft.  These  were  used  as  well  as  the 
usual  long  wire  antenna  available  on  the  aircraft. 
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B.  Propagation  Paths 

The  major  propagation  paths  for  which  data  were  obtained  are  shown  in 
figure  1.  These  are  paths  for  which  satisfactory  levels  of  signal  amplitude  were 
recorded  and  are  paths  which  yield  most  easily  to  present  analysis  procedures  in 
that  they  generally  follow  the  great  circle  path  from  the  particular  transmitter 
from  which  the  data  is  being  recorded.  These  paths  also  comprise  the  character- 
istic requirements  as  listed  in  the  introduction  section  of  this  report. 

Table  I lists  the  location  and  the  coordinates  of  the  U.S.  Air  Force 
bases  and  other  sites  as  related  to  the  acquisition  of  the  propagation  data. 

All  of  those  locations  are  related  to  the  paths  flown  by  the  aircraft  except  two 
which  are  the  location  of  fixed  receiver  sites. 

Table  II  lists  the  location  and  coordinates,  as  well  as  radio  frequency, 
of  the  VLF/LF  transmitter  sites  from  which  propagation  data  were  obtained. 

Tables  III  and  IV  list  the  individual  aircraft  flight  paths  with  iden- 
tification of  dates  and  times  (U.T.)  for  which  data  v/ere  recorded,  the  origin 
and  destination  of  each  flight,  and  descriptive  remarks  of  each  particular  flight 
path.  Table  III  lists  the  data  flights  conducted  during  October  1973  on  flights 
1 through  13,  while  Table  IV  lists  the  data  for  January  and  February  1974  on 
flights  14  through  33. 

I 

The  signal  levels  recorded  for  this  experiment  consisted  of  either  | 

transmissions  from  the  operational  VLF/LF  transmitters  located  at  various  posi- 
tions in  CONUS  and  in  Europe,  or  from  transmissions  from  the  NELC  mul ti -frequency 
sounder  placed  at  specific  locations.  ; 

Data  from  the  operational  transmitters  were  recorded  aboard  the  air- 


craft on  three  special  TRACOR  receivers  and  on  a single  URfl-139  receiver.  These 
data  consisted  of  transmissions  from  OMEGA  (North  Dakota)  on  10.2  kHz,  GBR 


TABLE  I.  LOCATIONS  AND  COORDINATES  OF  AIR  BASES  AND  OTHER  SITES 


RELATED  TO  AIRCRAFT  FLIGHTS  AND  DATA  ACQUISITION 


Si te  Lati tude  Longi tude 


Adak,  Alaska 

sr 

53' 

N 

176° 

39' 

U 

Bodo,  Norway 

66" 

26' 

N 

13° 

9' 

E 

Castle  AFB,  California 

37° 

25’ 

N 

120° 

25' 

W 

Davis-Monthan  AFB,  Arizona 

32° 

12' 

N 

111° 

O' 

W 

Elelson  AFB,  Alaska 

64° 

37' 

N 

147° 

O' 

w 

Glasgow  AFB,  Montana 

48° 

21 ' 

N 

106° 

34' 

w 

Griffiss  AFB,  New  York 

43° 

14' 

N 

75° 

25' 

w 

Hickam  AFB,  Hawaii 

21° 

23' 

N 

157° 

53 

u 

Luke  AFB,  Arizona 

33° 

30' 

N 

112° 

33' 

w 

March  AFB,  California 

33° 

58' 

N 

117° 

16' 

w 

McChord  AFB,  Washington 

47° 

05' 

N 

122° 

35' 

w 

Mildenhall  AFB,  England 

52° 

22' 

N 

0° 

29' 

E 

Minot  AFB,  North  Dakota 

48° 

23' 

N 

101° 

40' 

U 

Reykjavik,  Iceland 

63° 

56' 

N 

22° 

24' 

w 

Saskatoon,  Saskatchewan 

53° 

O' 

N 

O 

o 

0’ 

w 

Sondrestrorn,  Greenland 

67° 

10' 

N 

50° 

30' 

w 

Tinker  AFB,  Oklahoma 

35° 

25' 

N 

97° 

23' 

u 

Thule  AFB,  Greenland 

76° 

21  ' 

N 

69° 

4' 

w 
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TABLE  II. 


LOCATION.  COORDINATES  AND  FREQUENCY  OF  VLF/LF 
TRANSMITTER  SITES  USED  ON  AIRCRAFT  FLIGHTS 


S1  te 

Latitude 

Longitude 

Frequency  kHz 

Naval  VLF  High-Powered 

Transmi tting  Stations: 

NAA  - Cutler,  Maine 

44“ 

38' 

N 

67“ 

16' 

W 

14.7,  17.8 

NLK  - Jim  Creek,  Washington 

48“ 

12' 

N 

121“ 

55' 

W 

18.6 

OMEGA  Transmitting 

Stations : 

La  Moure,  North  Dakota 

46“ 

22' 

N 

O 

00 

20' 

w 

10.2 

Other  Transmitting 

Stations; 

Forestport,  New  York 

43“ 

27' 

N 

o 

in 

05' 

w 

36.0 

GBR  - England 

52“ 

22' 

N 

or 

11’ 

w 

16.0 

Hawes,  California 

35“ 

O' 

N 

117“ 

30’ 

u 

37.2 

NELC  VLF/LF  Sounder: 

Hawaii,  Hawaii 

19“ 

38' 

N 

155“ 

36’ 

w 

9-56 

Sentinel,  Arizona 

32“ 

49' 

N 

113“ 

09' 

w 

9-56 

Thule,  Greenland 

76“ 

33' 

N 

68“ 

37' 

w 

9-56 
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TABLE  III.  AIRCRAFT  FLIGHT  PATHS  FOR  OCTOBER  1973 


McChord  AFB  Griffiss  AFB  0220  - 0719  Overflew  NLK,  Glasgow  and 


TABLE  IV.  AIRCRAFT  FLIGHT  PATHS  FOR  JANUARY  - FEBRUARY  1974 


11 


Sondrestrom  Griffiss  AFB  1320  - 1700  No  usable  data  recorded 


(England)  on  16.0  kHz,  NAA  (Cutler,  Maine)  on  14.7  and  17.8  kHz,  NLK  (Jim  Creek, 
Washington)  on  18.6  kHz  and  Forestport,  Hew  York  on  36  kHz.  Vertical  electric 
fields  (Ey)  and  both  vertical  magnetic  (H^)  and  horizontal  magnetic  (H^)  fields 
were  measured  using  the  long  wire  and  the  vertical  and  horizontal  loop  anternas. 
The  horizontal  electric  field  (E^)  is  obtained  from  the  vertical  magnetic  (H^) 
measurements. 

The  NELC  multi -frequency  sounder  data  were  also  measured  aboard  the 
aircraft  by  using  the  long  wire  as  well  as  the  crossed  loop  array.  The  trans- 
mitted frequencies  are  as  follows:  First,  the  sounder  operates  from  a 100  kHz 
rubidium  standard.  The  standard  is  offset  to  99.631  kHz  or  to  99.580  kHz  so  that 
the  spectral  lines  of  the  pulse-type  sounder  transmissions  are  displaced  from 
spectral  lines  that  are  typical  of  operational  system  transmissions.  The  actual 
transmitted  frequencies  are  then  synthesized  from  the  offset  standard  frequen- 
cies and  are  listed  in  Table  V as  frequency  sets  1 through  5. 

Table  VI  lists  and  identifies  the  experimental  frequencies  and  anten- 
nas used  for  each  aircraft  flight  as  related  to  the  MELC  multi-frequency  sounder. 
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TABLE  V.  FREQUENCY  SETS  FOR  NELC  MULTI -FREQUENCY  SOUNDER  TRANSMISSIONS  (kHz) 


Set  #1 

Set  #2 

Set  #3 

Set  14 

Set  #5 

10.897 

9.340 

9.340 

9.336 

10.897 

14.011 

10.897 

14.011 

14.003 

14.010 

15.567 

15.567 

17.124 

17.115 

15.567 

21.794 

21.794 

24.908 

24.895 

21.794 

24.908 

28.021 

28.021 

28.007 

24.908 

28.021 

37.361 

34.248 

34.231 

31.134 

38.918 

40.475 

38.418 

38.898 

40.475 

43.589 

46.702 

43.589 

43.566 

46.702 

49.815 

52.929 

49.816 

49.790 

52.929 

56.042 

56.042 

56.042 

56.104 

56.042 

(99.631  kHz) 

(99.631  kHz) 

(99.631  kHz) 

(99.580  kHz) 

(99.631  kHz) 

(Standard) 

(Standard) 

(Standard) 

(Standard) 

(Standard) 

TABLE  VI.  IDENTIFICATION  OF  EXPERIMENTAL  PARAMETERS  FOR  EACH  AIRCRAFT 


FLIGHT  AS  RELATED  TO  THE  NELC  MULTI-FREQUENCY  SOUNDER 


Receive  Antenna  Key:  LW  - Long  Wire 

HL  - Horizontal  Loop 


Aircraft 

Flight  No. 

VL 

Transmitter 

Site 

- Vertical  Loop 

Transmitted 

Frequency  Set 

(Table  V) 

1 thru  13 

Sentinel 

#1 

14  thru  21 

Thule 

#2 

22,  23 

Sentinel 

§2 

24 

Hawaii 

#2 

Sentinel 

#4 

25  thru  28 

Hawai 1 

#2 

Sentinel 

#4 

29,  30 

Sentinel 

#4 

31,  32,  33 

Thule 

#5 

Received  Electric  Field 
Vertical  Component  (Ey) 

Received  Magnetic  Field 
Vertical  Component  (Hy) 
Horizontal  Component  (H^) 


Receive 

Electric 

Magnetic 

Antenna 

Field  Measured 

Field  Measured 

LW 

^V 

LW 

'v 

HL 

"v 

LW 

HL 

"v 

LW/VL 

Ev 

"h 

LW/VL 

^v 

"h 

LW 

'v 

LW 

'v 

LW 

HL 

H, 

LW 

HL 

"v 

14 


C.  NELC  Multi -frequency  Sounder 
1 . General 

A detailed  description  of  the  NELC  mul ti -frequency  VLF  ionospheric 
sounder  system  has  been  presented  in  a previous  report  (reference  11).  Basically, 
the  sounder  consists  of  a 10-frequency,  time-shared  transmitter  and  receiver.  The 
transmitted  signal  consists  of  pulses  of  ten  frequencies  in  sequence.  The  pulse 
length  at  each  frequency  can  be  varied  and  may  be  as  short  as  80  wsec.  In  normal 
operation,  this  group  of  ten  pulses  is  repeated  continuously,  giving  a lOS  duty 
cycle  for  each  transmitted  frequency.  The  receiving  system  consists  of  20  correla- 
tion-type receivers  --  two  for  each  transmitted  frequency.  Each  correlation  re- 
ceiver is  gated  on  in  synchronism  with  the  transmitted  pulse  at  that  frequency, 
with  an  appropriate  delay  to  allow  for  propagation  time.  Both  transmitter  and 
receiver  are  controlled  by  very  accurate  and  stable  rubidium  vapor  frequency 
standards  so  that  synchronization  can  be  maintained  over  very  long  periods  of 
time.  The  sounder  system  can  be  set  up  at  any  location  where  sufficient  space 
is  available  at  the  terminators  to  construct  the  transmitting  antenna  and  where 
the  terrain  conductivity  at  the  transmitter  terminal  is  sufficiently  low  to  ob- 
tain adequate  antenna  efficiency. 

Figure  2 shows  a basic  diagram  of  the  transmitting  and  receiving 
systems;  the  individual  systems  are  described  in  detail  below. 

C.  Transmitting  Antennae 
a.  Hawaii  Antenna 

One  of  the  transmitting  antennas  used  to  obtain  propagation 
data  for  this  experin.ant  is  located  on  the  island  of  Hawaii  at  an  altitude  of 
7000  feet  in  an  area  of  recent  lava  flows.  This  antenna  is  a center-fed  broad- 
band stagger- tuned  dipole  (reference  17)  laid  directly  on  the  lava  surface.  This 
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type  of  antenna  requires  an  area  of  low  soil  conductivity  for  efficient  opera- 
tion; the  Hawaiian  lava  beds  were  chosen  because  they  have  a conductivity  on 
the  order  of  0.4  mllllmhos/meter.  The  physical  configuration  of  this  antenna 
consists  of  ten  parallel  conductors  which  act  as  a broad-band  horizontal  dipole. 
The  conductors  are  of  different  lengths  to  give  a stagger-tuned  effect;  thus, 
the  antenna  has  a band-width  which  is  large  with  respect  to  the  specified  fre- 
quency range.  The  conductors  are  approximately  15  percent  successively  shorter, 
with  the  longest  being  11  km  in  length.  Efficiencies  of  several  percent  are 
achieved  with  this  antenna. 

b.  Sentinel  Antenna 

This  NELC  VLF/LF  transmitting  antenna  is  located  five  miles 
south  of  Sentinel,  Arizona.  The  characteristics  of  this  antenna  are  described 
In  detail  In  reference  18.  The  physical  configuration  of  the  Sentinel  VLF/LF 
antenna  consists  of  five  elements,  each  8.85  km  long,  elevated  to  a height  of 
8 meters,  and  oriented  on  a magnetic  north-south  bearing.  Also,  there  is  a 
single  identical  element  oriented  on  an  east-west  bearing.  The  north-south 
elements  were  used  for  signal  transmissions  during  propagation  measurements  to 
the  north,  while  the  east-west  element  is  used  for  measurements  to  the  west,  such 
as  toward  Hawaii. 

The  north-south  antenna  was  terminated  with  its  characteristic 
impedance  at  both  the  north  and  the  south  ends  to  allow  for  broad-band  operation, 
and  was  tnerated  as  a center-fed  dipole.  The  radiation  efficiency  below  a per- 
fect monopole  varied  somewhat  linearly  from  43  dB  at  10  kHz  to  24  dB  at  50  kHz. 

During  some  transmission  periods,  the  antenna  was  configured 
as  an  end-fed  dipole  by  terminating  the  north  end  with  its  characteristic  imped- 
ance and  by  applying  a reflection  transformer  at  the  south  end.  This  resulted 
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in  an  increase  in  radiation  efficiency  of  from  3 to  6 dB  off  the  north  end  over 
that  obtained  from  the  center-fed  transmissions.  The  center-fed  resonant  east- 
west  single  element  antenna  radiated  5 dB  more  efficiently  than  the  terminated 
5-element  center-fed  north-south  antenna. 

In  general,  the  average  ground  conductivity  deduced  from 
antenna  measurements  (reference  18)  was  found  to  be  8 millimhos/meter  in  the  low 
VLF  band  and  3 millimhos/meter  in  the  high  VLF  band, 
c.  Thule  Antenna 

The  antenna  constructed  at  Thule,  Greenland  consists  of  tv/o 
elements  8 km  in  length,  elevated  3 meters  above  the  ground  surface.  The  direc- 
tion of  the  antenna  is  such  that  it  will  radiate  end-on  towards  Point  Barrow, 
Alaska.  This  is  a bearing  of  300°  off  the  west  end  from  true  north.  For  propa- 
gation measurements  toward  England,  the  antenna  was  end-fed.  For  transmissions 
to  Alaska,  the  antenna  was  also  end-fed  but  was  terminated  with  its  character- 
istic impedance  by  applying  a reflection  transformer  at  its  west  end.  The 
ground  conductivity  at  the  antenna  was  found  to  range  from  1.6  millimhos  per 
meter  at  10  kHz  to  0.3  millimhos  per  meter  at  40  kHz.  The  effective  radiated 
power  of  this  antenna  has  not  been  determined  at  this  time  but  will  be  presented 
in  a future  report. 

3.  Transmi tter 

A block  diagram  of  the  transmi tter/*'eceiver  system  is  shown  in 
figure  2.  The  system  is  controlled  by  a rubidium  frequency  standard,  the 
(-  100-kHz)  output  of  v/hich  is  used  to  drive  the  progra.nmer.  The  programmer 
synthesizes  all  transmitted  VLF  frequencies  and  provides  the  necessary  gating. 

The  (-  100-kHz)  input  to  the  programmer  is  divided  by  a string  of  binary  dividers 
to  a frequency  of  f^  = (-  100)/64  kHz.  The  outputs  at  that  frequency  and  at 
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higher  multiples  of  1t  are  taken  from  the  divider  chain  and  fed  to  a series  of 
VLF  synthesizers,  which  select  and  filter  the  proper  harmonic  to  produce  the 
i desired  VLF/LF  frequency.  The  output  frequencies  from  the  synthesizers  are  then 

fed  through  a series  of  analog  gates.  The  analog  gates  are  operated  by  a IC- 
stage  ring  counter  which  uses  the  f^  -kHz  output  from  the  divider  chain  as  a 

I 

clock.  Thus,  each  of  the  10  gates  is  opened  in  sequence  for  the  proper  duration, 
I each  frequency  being  repeated  at  ijitervals  of  10  times  the  dwell  time  on  a given 

I frequency.  For  example,  if  the  gates  are  programmed  to  remain  open  for  80  ysec, 

a given  frequency  is  repeated  every  800  ysec.  A patchboard  in  tlie  unit  enables 
any  ring-counter  output  to  be  patched  to  any  of  the  analog  gates,  so  that  the  10 
frequencies  can  be  selected  in  any  desired  sequence.  Since  the  clock  rate  for 
the  ring  counter  is  obtained  from  the  f^^  -kHz  signal  and  since  all  frequencies 
are  harmonics  of  that  frequency,  each  gate  is  switched  on  at  zero  crossing  of  the 
VLF  synthesizer  cutouts.  The  programner  output  is  fed  directly  to  the  VLF  power 
amplifier. 

4.  Receiver 

A block  diagram  of  the  receiver  system  is  shown  in  figures  2 and 
3.  The  VLF  signal  from  the  antenna  is  amplified  by  a wide-band  amplifier;  this 
unit  contains  a number  of  notch-rejection  filters  used  to  eliminate  inter-Terence 
from  VLF  communications  stations.  The  signal  is  then  fed  to  10  narrow-band  fil- 
ters, the  outputs  of  which  are  applied  in  parallel  to  the  correlation  detector 
unit. 

A block  diagram  of  the  correlation  detector  unit  is  shown  in 
figure  4.  The  reference  signals  for  the  correlation  detector  unit  are  derived 
from  a rubidium  frequency  standard  and  synthesizer-programmer.  The  latter  is 
similar  to  the  transmitter  progranner,  with  the  exception  that  separate  output 
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lines  are  provided  for  each  of  the  10  VLF/LF  frequencies  generated.  The  20 
correlation  detectors  are  operated  in  pairs,  and  in  one  element  of  each  pair 
the  reference  signal  is  shifted  90°  in  phase  so  that  the  quadrature  signal  is 
detected.  Therefore,  the  output  of  the  correlation  detectors  for  a given  fre- 
quency is  a pair  of  filtered  signals  corresponding  to  the  X and  Y components  of 
the  received  signal  and  referenced  in  phase  to  the  locally  synthesized  signal. 

The  Integrator  unit  of  each  correlator  detector  consists  of  two  operational 
amplifiers  in  series.  This  provides  the  characteristic  of  a two-stage  RC  low- 
pass  filter,  thus  achieving  a sharp  rejection  of  high-frequency  noise  components. 
Time  constants  for  the  integrator  units  are  selected  between  10  and  130  sec. 

The  philosophy  for  optimum  operation  is  to  use  the  shortest  time  constant  that 
will  provide  an  adequate  signal-to-noise  ratio  for  real-time  assessment  of  sys- 
tem performance.  Additional  digital  filtering  can  be  applied  later  to  the  re- 
corded data  as  necessary  to  improve  signal-to-noise  ratios. 

The  outputs  of  the  correlation  detection  units  are  recorded  both 
on  digital  magnetic  tape  and  by  strip  chart  recorders.  The  digital  recorder 
samples  the  output  of  each  detector  a minimum  of  three  times  with  the  selected 
Integration  time  constant.  The  scan  rate  of  the  digital  recorder  system  is  set 
at  the  maximum  that  is  consistent  with  equipment  tolerances,  so  that  all  channels 
are  sampled  as  close  together  in  time  as  practicable.  Typically,  40  channels 
can  be  scanned  in  2 sec.  Strip  chart  recorders  are  used  to  provide  a real-time 
readout  to  assist  the  operator  in  checking  equipment  performance  for  equipment 
calibration  and  for  system  synchronization. 

A calibration  injection  system  for  the  loop  receive  antennas  con- 
sists of  a separate  single-turn  loop  coincident  with  the  turns  of  the  antenna. 

The  long  wire  antenna  is  calibrated  by  injecting  a signal  through  a dummy  antenna 
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into  the  receiver.  The  dummy  antenna  is  contained  within  the  receiver  synthe- 
sizer-progranmer  unit.  The  10-frequency  output  of  the  synthesizer  is  applied, 
through  a calibrated  attenuator,  to  the  calibration  injection  point.  This  sig- 
nal, when  applieo,  allows  a determination  of  the  receiving  system  output  for  a 
known  voltage  input.  Thus,  the  gain  of  the  receiver  system  is  determined.  In 
addition,  this  signal  is  very  useful  for  checking  receiver  operation.  All  10 
channels  are  simultaneously  calibrated. 

5.  Computer  Data  Processing 

The  sounder  data  that  is  recorded  on  digital  magnetic  tape  is 
suitable  for  direct  input  to  a digital  computer  for  processing.  The  existing 
programs  for  data  processing  contain  mary  useful  and  flexible  features.  The 
data  is  originally  written  in  7-track  digital  tapes  in  binary-coded  decimal  for- 
mat at  200  bits  per  in.  On  the  first  computer  pass  through  the  data,  the  data 
is  rewritten  on  9-track  tapes  in  binary  format  at  800  bits  per  inch;  this  speeds 
up  the  reading  of  the  data  on  any  subsequent  passes  and  conserves  tape.  During 
this  rewrite  operation,  any  errors  detected  on  the  original  data  tape  are  cor- 
rected, if  possible.  Additional  filtering  can  be  applied  to  the  data  with  any 
arbitrary  time  constant;  calibration  levels  can  be  read  and  the  data  scaled  to 
absolute  field  strength;  and  the  X,  Y signal  components  can  be  converted  to  phase 
and  amplitude.  During  the  calibration  and  scaling  process,  compensation  can  be 
made  for  any  receiver  gain  changes  or  changes  in  transmitted  power.  During  this 
gain  compensation  procedure,  allowances  are  made  for  the  finite  rise  or  decay 
times  caused  by  the  analog  filters  in  the  receiver.  When  phase  is  calculated 
from  the  X and  Y components  of  the  signal,  a 360°  jump  discontinuity  is  experi- 
enced whenever  the  Y component  changes  sign  and  the  X component  is  negative. 

These  discontinuities  are  automatically  sensed  by  the  computer  program  and  re- 


moved  by  adding  or  subtracting  the  proper  multiple  of  360®.  Thus,  a continuous 
phase  record  is  obtained.  The  processed  data  at  this  point  is  written  on  magnetic 
tape  from  which  it  can  be  read  back  into  the  computer  and  plotted  on  an  incremen- 
tal digital  plotter  to  any  desired  scale  within  the  limitations  of  the  plotter 
(an  11  Inch  by  120  feet  plotting  surface  is  available,  and  minimum  step  size  for 
the  plotter  is  0.01  inch).  The  plotting  portion  of  the  program  allows  any  portion 
of  any  data  channel  to  be  plotted  independently  of  other  channels. 
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D.  Aircraft  Receive  Antennas 

1 . Long  Mire 

One  of  the  VLF/LF  receiving  antennas  used  onboard  the  aircraft  con- 
sisted of  a long  wire  (LW),  100  feet  in  length.  This  antenna  is  used  to  measure 
the  vertical  component  of  the  radiated  electric  field.  The  long  wire  is  supported 
between  the  vertical  fin  and  a mast  located  on  the  side  of  the  aircraft.  See 
figure  5.  This  is  the  type  of  antenna  normally  used  by  the  high  frequency  (HF) 
ronmunications  equipment  contained  aboard  the  aircraft.  The  antenna  enters  the 
aircraft  through  an  antenna  coupler.  This  coupler  contains  a lightning  arrestor 
and  a transmi t-receive  relay  plus  circuitry  for  properly  loading  the  transmitter. 

While  in  the  receive  mode  the  only  apparent  connection  to  the  antenna,  other  than 
a BNC  connector  on  the  coupler,  is  a 100  K resistor  from  the  antenna  to  ground. 

! 

The  measured  capacitance  to  ground  of  the  antenna-coupler  combination  was  about 
300  pf.  This  capacitance  and  the  100  K resistor  will  produce  a high  pass  filter 
with  a cut-off  frequency  of  about  5 kHz  and  should  have  negligible  effect  at  -fre- 
quencies of  interest. 

A second  similar  antenna  is  also  installed  on  the  aircraft.  It  is 
located  slightly  above  the  VLF/LF  long  wire  and  is  supported  between  the  vertical 
fin  and  a short  antenna  mast  near  the  front  of  the  aircraft.  See  figure  5.  This 
antenna  was  used  for  HF  communications  during  the  flights.  The  reception  of  VLF/ 

LF  signals  was  severely  disturbed  during  HF  transmission  periods. 

2.  Loop  Assembly 

A crossed-loop  assembly  was  also  designed  and  installed  on  the  air- 
craft for  measurement  of  VLF/LF  fields.  This  assembly  consisted  of  two  orthog- 
onally mounted  shielded  loops  mounted  at  the  rear  of  the  aircraft  on  the  refueling 
boom.  See  figure  6.  The  loops  are  oriented  one  each  in  the  horizontal  and  the 
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vertical  plane,  so  as  to  measure  both  the  vertical  and  the  horizontal  magnetic 
fields  respectively. 

Each  loop  contains  40  turns  and  has  a nominal  diameter  of  3 feet. 
The  calculated  effective  height  of  such  a loop  is  5.5x10"^  meters  at  a freqiency 
of  10  kHz.  Each  loop  is  provided  with  a calibrate  turn.  The  calibrate  turns 
are  constructed  from  RG-188/U  coax  with  the  outer  shields  cut  and  grounded  so  as 
not  to  form  a shorted  turn.  The  calibrate  turns  are  connected  in  series  so  that 
both  loop  antennas  are  calibrated  at  the  same  time.  A 47  ohm  resistor  is  inserted 
in  series  with  the  combination  of  the  two  turns. 

Separate  preamplifiers  for  each  loop  are  contained  in  the  loop 
assembly  base.  Each  preamplifier  is  transformer  coupled  to  its  respective  loop. 
The  loops  are  tuned  to  about  65  kHz  and  loaded  to  give  a Q of  about  0.7.  Each 
preamp  has  a gain  of  about  42  dB  at  mid-frequency  and  is  capable  of  an  output 
level  of  0.5V  rms  into  100  ohms  before  distortion. 

3 . Antenna-Preamo-Mul ticoupler  Calibration  Measurements 

Measurements  were  made  on  various  portions  of  the  equipment  in  an 
effort  to  provide  useful  calibration  information.  A block  diagram  of  the  front 
end  of  the  receiver  is  contained  in  figure  7.  The  calibration  system  is  also 
shown  in  this  figure. 

When  the  long  wire  antenna  receiver  was  calibrated,  the  calibrate 
attenuator  was  connected  to  the  input  of  the  long  wire  dummy  antenna.  The  low 
pass  filter  was  disconnected  from  the  antenna  coupler  and  connected  to  the  dun.'-y 
antenna  output.  The  calibration  voltage  level  was  read  on  a differential  volt- 
meter and  the  attenuator  sections  which  were  switched  in  were  noted. 

When  the  loop  receivers  were  calibrated  the  calibrate  attenuator 
was  connected  to  the  loop  calibrate  cable  and  the  calibration  voltage  level  and 
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attenuator  switches  were  noted.  The  loop  calibration  factors  were  determined  by 
measuring  the  open-circuit  loop  output  voltages  while  injecting  a known  calibra- 
tion voltage  into  the  single  turn  calibration  loop.  Then,  by  using  the  calculated 
effective  height  of  the  40  turn  loop  antenna,  at  each  frequency,  the  simulated 
field  could  be  determined.  The  values  are  that:  for  a calibration  voltage  of 
5 millivolts,  the  simulated  field  is  100  millivolts/meters  for  all  frequencies. 

During  the  latter  portion  of  aircraft  flight  Ho.  21,  measurements 
were  made  on  the  loop  antennas  and  the  long  wire  antenna  of  VLF/LF  station  sig- 
nals. The  station  measurements  provide  a means  of  relating  the  effective  height 
of  the  long  wire  antenna  to  that  of  the  vertical  loop  for  the  frequencies  measured. 
Both  NAA,  17.8  kHz,  and  Forestport,  36.0  kHz,  were  measured.  An  HP  302A  wave 
analyzer  was  used  to  make  the  measurements.  The  reasure"'ents  were  made  at  an 
unloaded  output  of  the  appropriate  sections  of  the  mul ticcupler.  Most  of  the 
time  NAA  transmits  in  an  FS.K  mode  (17.8,  17.85  kHz)  and  accurate  measurc'cnts  are 
difficult  to  make  on  the  wave  analyzer;  however,  at  about  2355  Li.T.,  NAA  was  ob- 
served to  be  transmitting  17.8  kHz  C'N.  The  aircraft  ccsiticn  at  this  time  was 
about  48°25'N,  67°21 'W  which  is  about  225  n.m.  frer:  NAA.  The  aircraft  heading 
was  on  a radial  towards  N/AA.  The  aircraft  passed  over  NAA  about  30  minutes  later. 

A series  of  measure^'ents  of  the  signal  strength  of  NAA  at  the  mul  ti coupl or  cutoues 
of  the  long  wire  and  vertical  loop  antennas  was  made  by  switching  the  wave  ana- 
lyzer input  between  the  two  mul  ticcupl  er  outputs.  Thirteen  sets  of  measurc'-ents 
were  obtained  while  the  station  was  transmitting  a CN  signal.  The  average  level 
measured  on  the  vertical  loop  system  was  10.8  mv , the  average  level  measured  on 
the  long  wire  system  .vas  39.5  m.v  and  the  average  ratio  of  the  long  wire  to  verti- 
cal loop  was  3.65. 

The  effective  height  of  the  long  wire  antenna  can  be  determined 
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from  the  above  measurements  of  the  NAA  signal.  From  characteristics  of  the  ver- 
tical loop  preamp  and  multicoupler  response  it  is  possible  to  determine  that  the 
measured  vertical  loop  signal  of  10.8  mv  is  equivalent  to  a field  strength  of 
18.7  mv/m.  To  the  extent  that  the  long  wire  antenna  was  responding  to  the  verti- 
cal component  of  the  field,  the  long  wire  produces  a multicoupler  output  voltage 
of  39.5  mv  for  a field  strength  of  18.7  mv/m.  This  corresponds  to  an  effective 
height  for  the  long  wire  antenna  of  0.775  meters. 

The  measurements  made  on  the  Forestport  transmitter  (36  kHz), 
located  at  43°26'41"N,  75°05'10"W,  were  initiated  sometime  shortly  after  passing 
over  NAA.  The  distance  from  NAA  to  Forestport  is  about  345  nm.  The  average 
ratio  of  the  signal  strength  measured  on  the  long  wire  antenna  tc  that  measured 
on  the  vertical  loop  for  seven  pairs  of  readings  is  1.77.  This  ratio  compares 
to  that  measured  at  17.8  kHz,  3.65/1.77  = 2.06,  very  nearly  as  the  frequencies 
compare,  36/17.8  = 2.08.  This  comparison  is  expected  since  the  effective  height 
of  the  long  wire  antenna  should  be  constant  with  frequency  while  the  effective 
height  of  the  vertical  loop  should  be  a linear  function  of  the  signal  frequency. 
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III.  VLF/LF  PROPAGATION  MODEL 

The  propagation  model  and  computer  program  used  to  calculate  signal  levels 
1s  one  that  has  been  developed  at  NELC.  This  model,  referred  to  as  the  fJELC 
Integrated  Prediction  Program  (IPP),  obtains  the  full-wave  solution  for  a wave- 
guide whose  upper  boundary  has  arbitrary  electron  and  ion  density  distributions 
with  height  and  an  adjustable  surface  conductivity.  The  model  also  allows  for 
earth  curvature,  ionospheric  inhomogeneity  and  anisotropy  (resulting  from  the 
earth's  magnetic  field). 

The  basic  propagation  theory  of  the  NELC  model  is  described  in  reference 
4.  The  electromagnetic  waves  are  considered  to  propagate  between  the  earth  and 
the  ionosphere  as  normal  modes,  analogous  to  microwave  propagation  in  a lossy 
waveguide.  The  modal  equation  for  propagation  within  the  earth's  ionosphere 
waveguide  is  solved  for  as  many  modes  as  required.  The  eigenvalues  so  obtained 
are  then  used  in  a modal  summation  to  compute  the  total  field  at  some  distant 
point  from  the  transmitter.  In  many  instances,  the  earth-ionosphere  waveguide 
can  be  considered  to  have  constant  propagation  properties  along  the  transmission 
path.  The  mode  sum  calculations  made  for  these  cases  are  referred  to  as  hori- 
zontally homogeneous.  In  instances  for  which  the  earth-ionosphere  waveguide 
cannot  be  considered  as  horizontally  homogeneous  but  instead  varies  slowly  along 
the  propagation  path,  a WKE*  form  of  the  mode  sum  is  used  (reference  19).  This 
procedure  was  utilized  in  reference  12  to  predict  VLF  signals  as  measured  aboard 
an  inflight  aircraft. 

I 

r 

[ *WK£  - Mathematical  method  for  approximating  the  fields  of  a VLF/LF  radio  signal 

in  regions  where  the  propagation  coefficients,  such  as  excitation,  phase  velocity 
and  attenuation,  are  slowly  varying  functions  of  distance. 
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For  those  cases  where  the  changes  in  the  propagation  environment  are  too 
abrupt  to  be  adequately  simulated  by  the  WKB  procedure,  mode  conversion  techni- 
ques must  be  applied.  This  type  of  computation  Is  required  for  propagation 
through  sunrise  or  sunset  transition  periods  end  in  instances  where  the  gro  ind 
parameters  change  very  rapidly  along  the  propagation  path.  References  20  and  21 
describe  the  NELC  mode-conversion  computer  program  and  some  results  obtained 
when  this  model  is  applied  to  experimental  data. 

The  NELC  propagation  model  provides  for  the  calculation  of  both  vertical 
and  horizontal  electromagnetic  fields  and  excited  by  dipoles  of  arbitrary  orien- 
tation and  elevation.  The  relevant  equations  and  characteristic  results  are  dis- 
cussed in  references  22,  23  and  24,  while  the  computer  program  is  discussed  in 
references  25  and  26. 
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IV. 


DATA  ANALYSIS  - BACKGROUND  AND  PROCEDURE 


A.  Ionospheric  Parareters 

The  important  ionospheric  parameter  needed  to  simulate  actual  propa- 
gation data  is  the  conductivity  profile  below  which  the  radio  waves  must  pais. 
This  parameter  is  defined  as  the  ratio  of  the  ionospheric  electron  plasma  fre- 
quency to  the  electron-neutral  particle  collision  frequency  and  is  a function  of 
ionospheric  height.  Also,  the  plasma  frequency  is  related  to  the  density  of  free 
electrons  at  each  height.  That  is,  the  ionospheric  conductivity  as  a func- 
tion of  height  Z,  is  given  by: 


u^(Z) 


u^p(z)  /v(z) 

-wr  pT-j/ 


v.’here 


u)p(Z)  is  the  electron  plasma  frequency 

N(Z)  is  the  electron  density  in  electrons  per  cubic  centimeter 
v(Z)  is  the  electron-neutral  particle  collision  frequency 
q is  electron  charge 
M is  electron  mass 

Ep  is  the  permittivity  of  free  space. 


(1) 


Following  Wait  (reference  27)  the  conductivity  parameter  w^(Z)  may  be  considered 
of  the  exponential  form  Up(Z)  = Uq  exp[e(Z-H’)]  (?) 

where  2 is  a gradient  parameter  in  inverse  height  units 
and  H'  is  a reference  height 

The  ionospheric  parameters  needed  as  inputs  to  the  IPP  computer  prcgra-. 
then,  arc  the  electron  density  profile  and  the  effective  electron-neutral  particle 
collision  frequency  profile.  These  terms  may  be  assigned  exponential  relationships 
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v(Z)  = Vp  exp(-aZ)  (4) 

where  Z 1s  the  height  in  km, 

Vq  Is  1.82  X 10"  collisions/sec,  and 
a Is  0.15  km”^ . 


The  exponential  form  of  these  profiles  was  chosen  for  the  computations 
since  attempts  to  find  more  complex  shapes  would  likely  require  much  additional 
effort.  This  is  true  because  the  state-of-the-art  in  analysis  procedures  allows 
for  an  almost  infinite  variety  of  profile  shapes  to  be  examined. 

P further  incentive  for  utilizing  exponential  type  profiles  was  pro- 
vided by  the  exceptional  results  obtained  previously  in  predicting  field  strength 
with  distance  behavior  from  inflight  measurements  of  VLF  transmissions  from 
Hawaii  (see  reference  12).  Also,  exponential  profiles  have  been  used  successfully 
to  predict  multi-frequency  transmissions  from  Hawaii  to  fixed  receiver  sites  in 
southern  California  (see  reference  14).  It  is  possible  that  profiles  of  more 
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TABLE  VII.  EXPONENTIAL  PROFILES  FOR  WHICH  FIELD  STRENGTH 

VALUES  WERE  COMPUTED 


.H'(km) 


NIGHTTIME 


86  87 


DAYTIME 


H'(km) 


g(km'b 


J 


complex  forms  than  the  exponential  could  be  found  to  produce  a slightly  better 
fit  to  the  data  In  some  Instances  but  since  the  propagation  paths  being  consid- 
ered are  quite  long,  any  profile  determined  to  produce  a "best-fit"  to  the  data 
Is  really  an  average  profile  for  the  total  pa;h. 
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B.  Field  Strength  vs.  Distance  Characteristics  Computed  from 

Exponential  Profiles 

The  field  strength  levels  produced  by  IPP  computations,  using  various 
values  of  the  & and  H'  parameters  of  the  electron  density  profile,  are  Illustrated 
In  figures  8 through  12  for  the  vertical  electric  field.  All  computations  of 
field  strength  in  this  report  are  for  an  assumed  horizontally  homogeneous  wave- 
guide where  no  ionospheric  (or  ground)  variation  along  the  propagation  path  is 
considered.  Figure  8 shows  a plot  of  received  signal  amplitude  vs.  propagation 
distance  for  10.9  kHz  transmissions.  The  variation  in  signal  level  produced  by 
varying  the  gradient  value,  s(km"^),  while  maintaining  the  scale  height  (H*  km) 
at  a constant  value  is  presented.  In  this  case,  3 was  assigned  values  between 
0.2  to  0.7  km’"*  and  H'  was  held  at  87  km.  It  is  observed  that  an  increase  in  6 
produces  an  increase  in  mode  structure.  That  is,  the  signal  level  is  found  to 
vary  over  a wider  range  in  the  regions  of  strong  modal  interference  when  the 
larger  values  of  3 are  input  to  the  computer  program.  Figures  11,  12,  and  13 
for  15.6  kHz,  28.0  kHz  and  40.5  kHz,  respectively,  illustrate  this  same  charac- 
teristic of  increased  variation  in  signal  level  with  3 value.  There  is  a marked 
increase  in  fine  structure  of  amplitude  vs.  propagation  distance  as  the  3 value 
is  increased  on  the  higher  frequencies.  This  is  due  to  a greater  number  of  wave- 
guide modes  being  effective  at  the  higher  frequencies.  The  larger  values  of  3 
are  found  to  produce  the  stronger  mean  signal  level  as  is  observed  in  the  figures. 
This  characteristic  proves  to  be  important  in  the  determination  of  a "best  fit" 
to  the  data. 

Figure  12  is  an  example  of  the  field  strengths  computed  by  maintaining 
the  3 value  at  some  constant  value  and  varying  the  H'  parameter.  It  is  deter- 
mined that  an  Increase  of  H'  results  in  the  field  strength  pattern,  as  a function 
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of  propagation  distance,  being  displaced  outward  away  from  the  transmitter. 

These  two  characteristics  (i.e.,  Increased  signal  level  with  increas- 
ing 0 and  displacement  of  modal  interference  structure  to  larger  distances  with 
\ Increase  in  H')  prove  to  be  very  helpful  in  determining  a "best  fit"  to  the 

i 

; experimentally  recorded  data. 


c.  Comparison  of  Predicted  VLF/LF  Signal  Levels  with  Multi -frequency 

Propagation  Data 

Propagation  data  analyzed  in  the  present  report,  as  recorded  by  the 
NELC  mul ti -frequency  sounder,  consists  only  of  those  measurements  of  the  vertical 
electric  field  taken  aboard  aircraft  flight  numbers  24,  26,  27  and  28.  Data  from 
other  flights  will  be  presented  in  future  reports. 

These  data  were  obtained  for  propagation  across  the  Pacific  Ocean  be- 
tween Hawaii  and  southern  California.  In  particular,  flights  24  and  26  were 
carried  out  while  the  path  was  in  nighttime.  (The  total  path  is  in  darkness 
from  0130  U.T.  until  1430  U.T.)  Flights  27  and  28  were  done  during  daytime  con- 
ditions. (The  total  path  is  in  daylight  from  1430  U.T.  until  0130  U.T.)  Both 
the  Hawaii  and  Sentinel,  Arizona  transmitters  were  in  operation  simultaneously 
for  all  flights.  In  general,  the  Hawaii  transmissions  were  such  that  acceptable 
data  were  obtained  on  all  four  flights.  The  data  recorded  from  the  Sentinel 
sounder  system  did  not  prove  to  be  of  nearly  as  high  quality.  Most  of  the  prob- 
lems in  the  Sentinel  system  appear  to  originate  from  the  inability  of  the  air- 
craft receiver  to  gain  and  remain  in  synchronization  with  the  transmitted  signals. 
This  is  due  to  the  poor  signal-to-noise  ratio  available  from  the  Sentinel  antenna 
at  the  ranges  for  which  data  acquisition  was  attempted. 

The  propagation  data  used  to  determine  ionospheric  electron  density 
profiles  consists  of  all  four  flights  from  Hawaii  transmissions,  but  only  flight 
No.  27  for  the  Sentinel  signals. 

The  procedure  used  in  obtaining  a "best-fit"  profile  to  a specific 
data  sample  (i.e.,  21.794  kHz  on  aircraft  flight  No.  24  using  Hawaii  transmissions) 
was  to  compare  the  vertical  electric  field  strengths,  computed  as  a function  of 
distance  from  the  transmitter  to  those  fields  recorded  aboard  the  aircraft.  The 


fields  were  computed  using  a particular  (b,  H')  electron  density  profile  as  input 
to  the  IPP  computer  program.  The  electron  density  profiles  described  by  the 
(B,  H')  combinations,  as  listed  in  Table  VII,  were  utilized  in  obtaining  the  "best- 
fit"  profile  for  each  set  of  recorded  data. 

In  February  1969,  multi -frequency  sounder  data  was  recorded  via  a night- 
time aircraft  flight  between  the  Hawaii  transmitter  and  Ontario,  California.  This 
data  consisted  of  ten  VLF  frequencies  between  9 and  30  kHz.  Analysis  of  this  data 
resulted  in  a choice  of  a "best-fit"  profile  for  all  ten  frequencies  of  6 = 0.5, 

H'  ■ 87.  This  profile  has  since  been  considered  by  NELC  to  be  the  "standard" 
nighttime  low  latitude  profile.  This  profile  did  not,  however,  give  an  exceptional 
fit  to  the  data  at  the  lower  VLF  frequencies  and,  therefore,  the  recorded  signal 
levels  from  this  aircraft  flight  have  been  reconsidered  in  the  present  analysis. 

The  resulting  "best-fit"  electron  density  profiles  to  the  1969  multi - 
frequency  field  strength  data  and  to  that  data  of  each  of  the  aircraft  flights, 
numbers  24,  26,  27  and  28,  are  listed  in  Table  VIII. 

The  "best-fit"  IPP  computed  fields  are  also  compared  with  the  recorded 
data  In  figures  13  through  18.  In  these  figures  the  received  signal  amplitude  of 
the  vertical  electric  field  E^,  in  dB  above  1 uV/m  for  1 killowatt  radiated  power, 
are  shown  as  a function  of  distance  from  the  transmitter.  In  all  cases  only  the 
horizontally  homogeneous  waveguide  version  of  the  IPP  computer  program  was  used 
to  compute  tie  field  strength  levels.  The  receiver  height  is  3 km  (10,000  ft) 
for  the  1969  data,  while  for  the  1974  data  this  height  is  9 km  (30,000  ft).  The 
exponential  electron  density  profiles  which  were  input  to  the  IPP  computer  pro- 
gram to  generate  these  fields  are  called  out  on  the  figures.  The  method  of 
normalization  and  calibration  as  applied  to  the  experimental  data  is  discussed  in 
the  Appendix. 
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In  the  case  of  propagation  when  the  path  is  in  daylight,  the  computed 
fields  are  shown  for  the  best-fit  profile  (see  Table  VIII)  as  well  as  those  fields 
computed  by  e = 0.5,  H'  = 70.  Observation  of  figures  13  and  14  illustrates  that 
fields  computed,  using  either  the  "best-fit"  profile  from  Table  VIII  or  (b  ~ 0.5, 
H'  « 70),  are  identical  for  frequencies  below  15  kHz.  The  fact  that  the  "best- 
fit"  profiles  for  aircraft  flight  numbers  27  and  28  are  not  the  same  illustrates 
the  time  variability  characteristic  of  daytime  ionospheric  propagation. 

The  result  of  the  poor  signal-to-noise  ratio  in  the  Sentinel  data  is 
very  obvious  in  figure  15.  The  predictions  do,  however,  tend  to  produce  the 
general  form  of  the  field  strength  vs.  distance  curves. 

In  figures  16,  17,  and  18,  experimental  nighttime  data  are  compared 
with  fields  computed  from  "best-fit"  profiles  only.  Of  interest  is  the  observa- 
tion that  the  "best-fit"  exponential  profile  varies  with  propagation  frequency. 

As  the  frequency  is  increased,  the  value  of  the  conductivity  gradient,  6,  is 
found  to  increase.  The  scale  height  parameter  H',  however,  is  found  to  remain 
somewhat  constant  at  the  higher  frequencies. 

The  electron  density  profiles  determined  to  fit  both  the  1969  data, 
figure  16,  and  the  data  from  aircraft  flight  No.  26,  figure  17,  appear  to  follow 
a similar  relationship  between  propagation  frequency  and  the  profile  gradient 
parameter,  B.  In  the  case  of  aircraft  flight  No.  24,  figure  18,  the  recorded 
data  tends  to  require  a larger  value  of  b in  order  to  produce  an  acceptable  fit 
to  the  field  strength  levels.  The  explanation  as  to  the  reason  for  the  differ- 
ences in  "best-fit"  electron  density  profile  between  No.  24  and  No.  26  data  is 
not  completely  understood.  The  results  suggest  that  the  effective  ionosphere 
actually  changed  between  the  nights  for  which  the  two  aircraft  flights  recorded 
data. 
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D.  Airborne  Propagation  Data  from  an  Operational  Transmitter 

An  example  of  nighttime  vertical  electric  field  (E^)  and  horizontal 
electric  field  (E^)  excited  by  NAA  on  17.8  kHz  is  illustrated  in  figure  19. 

These  data  are  recorded  at  30,000  feet  altitude  during  a flight  from  Mildenhall 
(England)  to  Griffiss  Air  Force  Base  (New  York)  on  18-19  January  1974.  The 
computed  fields  illustrated  in  figure  19  were  obtained  with  the  IPP  computer 
program  assuming  a 6 = 0.5,  H'  = 80  exponential  electron  density  profile.  The 
"standard"  nighttime  low  latitude  profile,  B = 0.5,  H'  = 87,  predicted  an  Ey 
modal  interference  null  at  2.9  megameters,  instead  of  the  2.2  megameter  distance 
where  it  was  measured,  and  the  predicted  E^  field  was  generally  10  dB  higher 
than  measured.  The  Ey  and  E^  fields  computed  with  the  B = 0.5,  H'  = 80  km 
exponential  profile  agree  better  with  the  measured  data. 

Calculations  made  with  the  propagation  prediction  computer  program 
have  illustrated  that  the  amplitude  of  the  horizontal  E^,  field  is  more  sensitive 
to  changes  in  the  H'  parameter  than  those  of  the  corresponding  vertical,  E,,, 

V 

field.  It  has  been  determined  that  a 1 km  increase  in  H'  results  in  a 1 dB 
increase  in  signal  level  for  the  E^^  field. 

VLF/LF  propagation  data  reco'"ded  on  other  aircraft  flights,  during  the 
October  and  January-February  test  series,  will  be  analyzed  in  future  reports. 
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E.  TACAMO  Propagation  Data 

On  the  night  of  30  January  1974,  a DCA  MEECN  test  of  airborne  VLF/LF 
range  performance  in  the  Pacific  Ocean  was  conducted.  A TACAMO  aircraft 
was  transmitting  from  the  nominal  position  31°N,  169°W.  During  these  airborne 
transmissions,  the  RADC  KC-135  aircraft  was  flying  at  29,000  feet  from  March  AFB 
to  Hickam  AFB  making  measurements  of  the  fields  using  both  the  vertical  and 
horizontal  loop  antennas.  The  TACAMO  E^  measured  fields  are  plotted  in  figure 
20  as  a function  of  distance. 

During  these  measurements,  TACAMO  alternated  between  orbiting  and  flying 
straight  and  level  along  the  sides  of  a square.  The  altitude  and  orientation 
angle  (0^)  of  TACAMO  relative  to  the  propagation  path  toward  the  RADC  KC-135 
aircraft  is  also  indicated  in  figure  20.  Much  of  the  variability  indicated  by 
the  data  is  due  to  the  various  orientations  of  the  TACAMO  aircraft  and  changes 
in  inclination  of  the  long  trailing  wire  antenna  (LTWA).  The  signal  is  particu- 
larly variable  during  the  TACAMO  orbiting  neriods.  During  these  maneuvers, 

TACAMO  transmissions  alternated  between  FSK  and  CW  as  indicated  by  the  dashed 
and  solid  lines  respectively.  Generally  the  signal  level  recorded  during 
FSK  transmissions  is  lower  than  that  recorded  during  CW  transmissions  because 
of  the  reduced  duty  cycle  within  the  effective  bandwidth  of  the  recording  receiver. 
However,  in  figure  20,  tfie  actual  dB  difference  in  recorded  signal  level  between 
FSK  and  CW  transmissions  cannot  be  determined  because  of  variability  in  aircraft 
attitude  and  associated  changes  in  the  orientation  of  the  LTWA. 

During  throe  periods  of  time,  TACAMO  was  oriented  such  that  CW  signals 
were  transmitted  broadside  from  the  LTWA  to  the  receive  aircraft.  These  field 
intensity  data  are  plotted  in  figure  21,  together  with  IPP  computed  fields. 
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The  computed  fields  are  for  a transmitting  antenna  inclined  80°  from  the  verti- 
cal (nearly  horizontal)  to  represent  straight  flight  conditions.  The  four  curves 
are  for  the  four  azimuthal  orientations  relative  to  the  propagation  path  (i.e., 
0=0°  and  180°  for  end-on  transmission;  and  0 = 90°  and  270°  for  broadside 
transmission).  The  predicted  field  is  higher  for  broadside  orientation  as 
expected  and  the  three  data  points  average  about  3 to  4 dB  above  the  predicted 
value,  this  is  attributed  to  experimental  uncertainty  or  improper  ionospheric 
profile,  (assumed  to  be  exponential  p = 0.5,  H'  = 87), 
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F.  ABNCP  Window  Antenna  Data 


Other  airborne  measurements  of  horizontal  fields  of  interest  were 
made  of  Airborne  Command  Post  (ABNCP)  transmissions  from  nominally  36“N,  74®W 
on  30  November  1973.  The  data  were  recorded  aboard  a United  Air  Lines  727 
commercial  passenger  flight  about  350  to  500  kilometers  west  of  Chicago  enroute 
to  San  Jose,  California.  The  receiving  system  consisted  of  the  battery-operated 
equipment  shown  in  the  block  diagram  of  figure  22,  most  of  which  was  in  a brief- 
case at  the  operator's  feet.  The  antenna  system  consisted  of  wire  mesh  placed 
against  the  inside  surface  of  the  two  windows  directly  opposite  each  other 
across  the  cabin.  A battery-operated  preamplifier,  just  beneath  each  window, 
converted  the  high  impedance  "plate  antenna"  signal  source  to  a low  impedance 
signal  for  mixing  in  the  "combiner"  shown  in  figure  22.  A switch  on  the  "com- 
biner" allowed  the  VLF/LF  signal  voltage  from  each  preamplifier  to  be  monitored 
separately  or  the  voltage  sum  or  difference  to  be  monitored.  Measurements  and 
analysis  have  indicated  that  for  the  most  part,  the  voltage  sum  is  proportional 
to  the  Ey  field  and  the  voltage  difference  is  proportional  to  the  field  when 
the  aircraft  is  level  and  flying  toward  or  away  from  the  signal  source. 

The  daytime  data,  recorded  about  1603  to  1700  Z (1130  to  1200  EST), 
are  plotted  in  figure  23,  along  with  predicted  fields.  The  effective  height  (h^) 
and  length  (1^)  of  the  window  antenna  system,  needed  to  normalize  the  data  to 
absolute  fie''d  intensity,  was  determined  by  monitoring  during  this  flight  the 
fields  excited  by  the  Air  Force  37.2  kHz  transmissions  from  Hawes,  California, 
located  nominably  at  35°N,  117. 5°W.  Since  reliable  daytime  prediction  of  Ey 
fields  within  CONUS  can  be  ma-e,  the  relative  E^  37.2  kHz  and  ABNCP  signals  meas- 
ured aboard  the  United  727  airplane  were  used  to  obtain  hg.  When  the  aircraft 
banks  at  low  altitude  as  it  approaches  or  departs  an  airport,  the  window  antenna 
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difference  voltage  is  proportional  to  Ey  • sin  b,  where  b Is  the  airplane  bank 
angle. 

The  agreement  between  the  ABNCP  data  and  the  prediction  Illustrated 
In  figure  23  appears  better  than  the  expected  experimental  uncertainty  but  Indi- 
cates the  validity  of  E as  well  as  E^  fields  computed  with  the  NELC  VLF/LF  IPP 

H V 

computer  program. 
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G.  Continuous  Ground  Recording  of  VLF/LF  Sounder  Signals 


During  October  1973,  while  airborne  measurements  of  VLF/LF  signal 
levels  were  being  conducted,  ground-based  receiver  systems  were  also  installed 
at  Glasgow  AFB,  Montana  and  Saskatoon,  Saskatchewan,  Canada.  The  transmitted 
signals  originated  from  the  NELC  mul ti -frequency  sounder  located  at  Sentinel, 
Arizona. 

The  propagation  distances  involved  were  approximately  1800  km  from 
Sentinel  to  Glasgow,  and  2300  km  from  Sentinel  to  Saskatoon.  The  sounder  was 
operated  continuously  for  a period  of  three  weeks  and  specific  examples  of  the 
recorded  signal  levels  are  shown  in  figures  24,  25.  and  26. 

Figure  24  shows  signal  amplitudes  recorded  at  Saskatoon  on  October  3, 
4,  and  5 in  the  frequency  range  from  10.9  kHz  to  55.0  kHz.  These  data  are  cali- 
brated in  dB  above  luV/m;  however,  they  have  not  been  normalized  to  1 KW  of 
radiated  power.  At  the  receiver  site,  sunset  occurs  near  0100  U.T.,  while  sun- 
rise.occurs  close  to  1300  U.T.  These  time  periods  are  easily  discernible  on 
several  frequencies  in  that  the  signal  level  becomes  very  weak  and  then  recovers 
at  a slightly  later  timie.  A relatively  stable  and  repeatable  daytime  signal 
level  is  apparent  at  all  frequencies  whereas  the  nighttime  signal  level  is  rathe’^ 
variable,  particularly  on  15.6,  28.0  and  49.8  kHz.  Relatively  slight  changes  in 
the  ionospheric  profile  properties,  such  as  its  height,  may  cause  changes  in  the 
position  of  a signal  minimum  along  the  propagation  path.  This  effect  can  produce 
large  changes  in  the  signal  amplitude  as  the  signal  null  moves  through  the  receiv 
site.  This  phenomenon  was  illustrated  in  figure  12  where  it  is  observed  that, 
at  4 Mm,  the  signal  level  may  vary  by  30  dB  as  the  ionosphere  changes  in  height 
by  2 km.  The  stability  of  the  daytime  data  in  figure  24  indicates  that  no  signi- 
ficant modal  interference  minima  occur  in  the  sounder  frequency  band  at  the 
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Saskatoon  receiver  site.  Figure  25  presents  sounder  data  recorded  at  Saskatoon 
on  12,  14  and  15  October.  These  data  indicate  that  the  ionospheric  properties 
may  have  changed  since  the  earlier  time  period.  The  signal  levels  at  15.6  and 
43.6  kHz  show  increased  variability. 

Figure  26  shows  sounder  data  recorded  at  Glasgow  AFB  on  12,  14  and 

i 

' 15  October.  These  data  were  obtained  simultaneously  with  that  of  figure  26. 

i It  is  observed  that  at  this  shorter  propagation  distance  (1800  km),  as  compared 

to  that  for  Saskatoon  (2300  km),  the  signal  amplitudes  at  15.6  and  43.6  kHz 
show  much  less  amplitude  variability  during  nighttime.  This  result  is  typical 
of  the  modal  interference  nulls  which  exist  as  a function  of  propagation  dis- 
tance in  that  the  phasing  between  the  individual  waveguide  modes  changes  with 
propagation  distance.  This  property  leads  to  regions  of  constructive  modal 
interference  and  regions  of  destructive  modal  interference  (nulls)  along  the 
propagation  path. 

All  data  recorded  at  the  fixed  site  receivers  were  obtained  jointly 
for  the  DCA-Tri-Service  propagation  program  to  obtain  time  variability  propaga- 
tion data  and  for  the  Office  of  Naval  Research  to  examine  solar  particle  precip- 
itation events. 
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V.  CONCLUSION 


The  ability  of  the  propagation  prediction  computer  program  "IPP",  (ref- 
erence 25).  to  predict  realistic  VLF/LF  signal  levels  is  illustrated  very  dis- 
tinctively in  this  report.  Comparisons  between  predicted  and  measured  values 
of  electric  field  strength,  as  presented  in  the  figures,  show  that  the  complicated 
interference  structure  characteristic  of  radio  wave  propagation  at  these  fre- 
quencies may  be  stimulated  very  closely  if  the  effective  ionospheric  propagation 
parameters  are  known  with  sufficient  accuracy. 

For  propagation  at  midlatitudes  in  a winter  daytime  environment,  the  use 
of  approximately  identical  exponential  electron  density  profiles  at  frequencies 
between  9 and  5F  kHz  will  adequately  predict  the  measured  signal  levels.  The 

values  of  the  "best-fit"  exponential  electron  density  profiles  were  e = 0.3  km"^ 

and  H'  = 72=75  km. 

In  order  to  best-fit  the  winter  nighttime  fields,  it  was  found  necessary 
that  the  value  of  the  exponential  electron  density  gradient  parameter  P (km'^) 
increase  with  frf!quoncy.  The  ranges  of  this  parameter  varied  from  0„3  at  kHz 

to  0.7  or  1.2  at  56  kllz„  The  value  of  the  H'  parameter  was  determined  to  vary 

between  86  and  89  km,  depending  on  frequency  and  the  aircraft  flight  from  which 
the  experimental  data  v/ere  recorded.  The  variations  in  p from  0.7  to  1.2  at 
the  higher  frequencies  on  two  different  nights  illustrate  changes  in  the  iono- 
sphere for  the  two  niglits.  The  fact  that  different  best-fit  exponential  profiles 
are  obtained  over  the  VLF/LF  band  at  night  suggests  the  possibility  that  a 
more  general  multi-parameter  profile  is  needed  to  represent  VLF/LF  propagation 
rather  than  the  two  parameter  exponential  representation. 
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Based  on  the  field  strength  levels  recorded  over  the  midlatitude  Hawaii 
to  Southern  California  transmission  path  the  following  exponential  profiles 
most  accurately  describe  the  propagation  data. 


Table  IX: 


RECOMMENDED  ELECTDON  DEMSITY 
PROFILES  FOR  USE  IN  PROPAGATION 
PREDICTIONS  (midlatitude) 


NIGHTTIME 

Winter 


Frequency 

(kHz) 

Profile 

$ (km'^),  H'  (kn) 

Frequen 

(kHz) 

cy 

Profile 

8 (km~^),  H’  (km) 

9-60 

3=0.3,  H'=74 

below 

10 

8=0.3,  H’=S7 

10  - 

15 

8=0.4,  H'=87  j 

15  - 

25 

8=0.5,  ir=87 

P.5  - 

30 

1 

3=0. C,  H'=83 

j 

30  - 

40 

3=0.7,  H'=2S  ' 

1 

40  - 

60 

These  ionospheric  profiles  result  in  predictions 

of  signal  amplitudes 

whicli  on  the  average  are  within  2 dB  foi' 

daytime  and  within  3 

dB  for  nighttime 

of  those  amplitudes  recorded  aboard  the  inflight  aircraft. 

Horizontally  polarized  (TE)  as  well  dS  vertically  polarized  (TM)  electric 
fields  are  important  for  meeting  the  MEFCN  requirement  for  a viable  communication 
system  involving  the  airborne  assets.  Calculations  made  with  the  propagation 
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prediction  computer  program,  (reference  25),  and  v/hich  agree  with  measured  data, 
indicate  that  stronger  signal  levels  can  he  obtained  for  the  horizontal  electric 
field  than  for  the  vertical  electric  field  at  operational  aircraft  altitudes. 
Broadside  transmission  from  an  airborne  horizontal  radiator  during  nighttime 
is  an  example.  Calculations  made  with  the  propagation  prediction  computer  pro- 
gram have  also  illustrated  that  the  amplitude  of  the  horizontal  electric  field, 

Eu,  is  more  sensitive  to  changes  in  the  H'  parameter  than  those  of  the  correspond- 
ing  vertical  electric  field,  Ey.  It  has  been  determined  that  a 1 km  increase 
in  H'  results  in  a 1 dB  increase  in  signal  level  for  the  E^  field.  The  valid- 
ity of  the  computations  and  the  utility  of  polarization  diversity  reception 
systems  aboard  aircraft  should  be  investigated  thoroughly  to  quantify  the  dB 
improvement  possible  for  99T  time  availability  of  operational  VLF/LF  propagation 
links. 


47 


1 


VI.  RECOMMENDATIONS 

The  use  of  exponential  electron  density  profiles,  as  presented  in  Table  IX, 
is  reconinended  in  analyses  of  deplo^inent,  operation  and  evaluation  of  VLF/LF 
MEECN  assets  involving  mid-latitude  propagation  paths  in  the  winter. 

In  a previous  report,  (reference  16),  the  profile  6 = 0.5  km”\  H'  = 87 
was  determined  to  produce  acceptable  nighttime  TT’  signal  levels  throughout 
the  10-30  kHz  frequency  band  and  its  use  was  suggested  for  frequencies  up  to 
60  kHz.  Utilization  of  the  nighttime  profiles,  as  presented  in  Table  IX,  results 
in  an  improvement  in  predicting  signal  amplitudes.  These  improvements  are  a 
function  of  propagation  range  and  the  average  improvement  over  the  4 Fin  path 
from  Hawaii  to  Southern  California  are  shown  in  Table  X. 

Table  X: 

IMPROVEMENTS  IN  THE  ACCURACY 
OF  PREDICTED  SIGNAL  LEVELS  OVER 
THAT  OBTAINED  FROM  PREVIOUSLY 
RECOMMENDED  PROFILE 
{midlatitude  - winter) 


Frequency  (kHz) 

cIB 

28.0 

1 

37.4 

3 

40.5 

4 

46.7 

5 

52.9 

9 

56.0 

9 
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As  suggested  earlier  both  seasonal  and  latitudinal  variations  occur  in  the 
ionospheric  parameters  and  hence  the  value  of  6 and  H'  as  presented  in  Table  IX 
apply  only  to  propagation  during  the  winter  months  for  midlatitudes.  Application 
to  other  conditions  may  yield  as  much  as  6 dB  variance  in  predicted  performance. 
Therefore,  the  accuracy  of  the  VLF/LF  propagation  procedure  for  other  seasons 
of  the  year  and  for  other  geographical  latitudes  needs  to  be  examined. 
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VII.  APPENDIX  A-  Notes  on  Calibration  and  Normalization  Procedures 

The  electric  field  intensity  E of  a radio  wave  is  typically  determined 
from  the  relationship: 

E - V/hg  (A-1) 

where  (V)  is  the  voltage  available  at  a receive  antenna,  (hg)  is  the  "effective 
height"  in  meters  of  the  antenna  and  (E)  is  then  in  volts/meter. 

The  open  circuit  "effective  height"  of  a vertical  monopole,  which  is  short 
compared  to  the  wavelength  of  the  radio  wave,  is  1/2  the  physical  length  of  the 
antenna.  For  a loop  antenna,  whose  dimensions  are  small  compared  to  a wavelength, 
the  open  circuit  "effective  height"  is  given  by: 

hg  = sin  4)  (A-2) 

where  N is  the  number  of  turns  in  the  winding  of  the  loop,  A is  the  area  of  the 
plane  of  the  loop,  x is  the  wavelength  of  the  radio  wave,  and  ({i  is  the  angle  be- 
tween the  plane  of  the  loop  and  the  direction  of  the  magnetic  component  of  the 
electromagnetic  field. 

The  usual  procedure  for  determining  the  electric  field  intensity  (E)  of  the 
radio  wave  is  to  receive  the  propagated  signal  with  a loop  antenna.  The  reason 
for  this  is  that  the  output  voltage  of  the  loop  is  at  a lower  impedance  than  that 
of  a whip  antenna.  Also,  an  exact  knowledge  of  the  load  impedance  is  generally 
not  as  critical  for  a loop  measurement  as  would  be  required  for  measurements  made 
using  the  whip  antenna. 

The  "effective  height"  of  a long  wire  receiving  antenna  system  may  be  deter- 
mined by  measuring  the  voltage  (V),  available  at  the  terminals  of  the  antenna,  when 
the  antenna  is  located  in  a known  field  (E).  The  "effective  height"  (h^)  is  com- 
puted by  using  these  measurements  in  equation  A-1.  With  the  assumption  that  (hg) 
remains  constant  for  a given  time  period  over  which  data  is  recorded,  voltage  meas- 
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urements  can  be  converted  to  field  strengths. 

Propagation  data  recorded  aboard  an  inflight  aircraft  can  be  normalized 
to  an  absolute  field  intensity  for  an  assumed  radiated  power.  This  may  be  done 
without  knowing  the  "effective  height"  of  the  aircraft  receive  antenna  or  the 
actual  radiated  power  of  the  transmitter.  The  procedure  makes  use  of  the  rela- 
tion that  the  vertical  electric  field  at  ground  level  produced  by  a vertical 
transmitting  antenna,  which  is  short  compared  to  a wavelength,  is  given  by 

E(uV/m)  = 3.0  X 10^  • [KW]  (A-3) 

d[kmj 

where  is  the  radiated  power  and  d is  the  propagation  distance. 

Under  the  assumption  that  the  vertical  electric  fields  radiated  off  the 
ends  of  long  horizontal  antennas  will  be  described  by  equation  A-3,  the  aircraft 
data  described  in  this  report  are  normalized  to  dB  above  IwV/m  for  1 KW  radiated 
power. 

• On  many  of  the  data  acquisition  flights,  which  were  carried  out  for  the 
Tri-Service  propagation  program,  it  was  possible  to  record  signal  levels  contin- 
uously as  the  aircraft  passed  over  the  transmitter  and  proceeded  on  to  its  des- 
tination. These  radial  flights,  together  with  navigation  data,  are  used  to  ob- 
tain plots  of  field  intensity  vs.  distance  from  the  signal  source.  The  data 
reduction  computer  program,  which  operates  on  the  raw  data  as  obtained  from  the 
digital  recording  system,  allows  for  the  field  strength  levels  to  be  plotted  in 
units  of  relative  dB.  When  plots  of  the  received  signal  level  in  dB  (i.e.,  20* 
log  V)  vs.  log  distance  are  obtained,  the  near  radiation  field  is  generally  a 
straight  line  with  a slope  of  20  dB  per  decade  of  distance.  A "best-fit"  straight 
line  through  these  voltage  levels  (in  dB),  recorded  in  the  (ground  wave  only) 
region  of  the  propagation  data,  provides  a technique  for  averaging  the  measured 
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values. 

From  equation  A-3,  the  field  at  30  km  Is  10  mi  111  volts/meter  for  1 killo- 
watt  radiated  power.  This  corresponds  to  a value  of  80  dB  above  lyV/m  for  1 KW 
radiated  power.  To  normalize  the  propagation  data  recorded  aboard  the  aircraft 
to  1 KW  of  radiated  power,  the  data  plots  of  received  signal  in  relative  dB 
(i.e.,  20*log  V)  vs.  distance  are  adjusted  by  a constant  dB  value  so  that  the 
"best-fit"  straight  line  field  has  a defined  value  of  80  dB  above  lyV/m  at  30  km. 

Results  presented  in  reference  28  show  that  the  near  radiation  field  of 
a transmitting  antenna  does  not  vary  inversely  with  distance  for  all  coi.^itions 
of  aircraft  altitude,  ground  conductivity,  and  frequency.  Linder  these  circum- 
stances, the  inverse  distance  variation  assumed  to  average  the  close  in  radial 
data  would  be  replaced  with  the  actual  functional  variation  expected  for  1 KW 
radiated  power. 


VIII.  APPENDIX  B - Figures  1 through  26 

Figure  Title  Page 

1.  Aircraft  Flight  Paths 

2.  Block  Diagram  of  Transmit/Receive  Systems 

3.  Block  Diagram  of  Receiver  System 

4.  Block  Diagram  of  Correlation  Receiver  Unit 

5.  KC-135  Longwire  Antennas 

6.  KC-135  Aircraft  Showing  Crossed  Loop  Assembly 

7.  VLF/LF  Antenna  Subsystem 

8.  A Comparison  of  Computed  Field  Strength  as  a Function 
of  B for  Constant  H'.  (10.9  kHz) 

9.  A Comparison  of  Computed  Field  Strength  as  a Function 
of  0 for  Constant  H'.  (15.6  kHz) 

10.  A Comparison  of  Computed  Field  Strength  as  a Function 
of  6 for  Constant  H'  . (23,0  kHz) 

11.  A Comparison  of  Computed  Field  Strength  as  a Function 
of  6 for  Constant  H'.  (40,5  kHz) 

12.  A Comparison  of  Computed  Field  Strength  as  a Function 
of  H'  for  Constant  S 05. o kHz) 

13.  Measured  and  Computed  Daytime  Signal  Levels  on  the  Hawaii 
to  Sentinel  Path.  Hawaii  Transmitter,  Aircraft  Flight 

No.  27,  February  2,  1974 

14.  Measured  and  Computed  Daytime  Signal  Levels  on  the  Hawaii 
to  Sentinel  Path.  Hawaii  Transmitter,  Aircraft  Flight 
No.  28,  February  3,  1974 

15.  Measured  and  Computed  Daytime  Signal  Levels  on  the  Hawaii 
to  Sentinel  Path.  Sentinel  Transmitter,  Aircraft  Flight 
No.  27,  February  2,  1974, 

16.  Measured  and  Computed  Nighttime  Signal  Levels  on  the  Hawaii 
to  Ontario,  California  Path.  Hawaii  Transmitter, 

February  1969. 

17.  Measured  and  Computed  Nighttime  Signal  Levels  on  the  Hawaii 
to  Sentinel  Path.  Hawaii  Transmitter,  Aircraft  Flight  No. 

26,  February  1 , 1974. 
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Measured  and  Computed  Nighttime  Signal  Levels  on  the 
Hawaii  to  Sentinel  Path.  Hawaii  Transmitter,  Aircraft 
Flight  No.  24,  January  30,  1974. 

NAA  17.8  kHz  Nighttime  E and  E Data  Recorded  on  18-19 
January  Aboard  the  RADC  DC-135  Airplane.  The  Data  are 
Compared  with  IPP-Computed  Fields. 

Tacamo,  27.0  kHz  Nighttime  E^  Data  Recorded  on 
30  January  1974  Aboard  the  PJ'.DC  KC-135  Airplane. 

Tacamo,  27.0  kHz  C'.i  Transmission  E„  Data  Recorded 
Aboard  the  RADC  Airplane  When  Tacamo  was  flyinn  straioht 
and  Oriented  for  Broadside  Radiation  Toward  the  Receiver. 
The  IPP-Computed  E^  Fields  are  Shov/n  for  Comparison. 

Block  Diagram  of  VLF/LF  Window  Antenna  Receiving  System. 

Comparison  of  Measured  44  kHz  A5NCP  Signal  with  Predicted 
Values.  The  Predicted  Fields  are  for  9 = 90°,  i.e., 
Broadside  Radiation  From  AENCP.  Variability  with  ABNC? 
Ori">ntation  is  Indicated  by  the  Bars  at  1.6  it.i  and  1.8  I'm 
Where  the  Ey(0)  and  E[.j(0)  Bata  Were  Recorded. 

Sentinel  Sounder  Relative  A-T^nlitude  Variation  Recorded 
at  Saskatoon,  Canada,  October  3,  4,  5,  1974. 

Sentinel  Sounder  Relative  Amolitude  Variation  Recorded 
at  Saskatoon,  Canada,  October  12,  14,  15,  1974. 

Sentinel  Sounder  Relative  Amplitude  Variation  Recorded 
at  Glasgow,  Montana,  October  12,  14,  15,  1974. 


IX.  TABLES 


I.  Locations  and  Coordinates  of  Air  Bases  and  Other  Sites  Related 
to  Aircraft  Flight  and  Data  Acquisition. 

II.  Location,  Coordinates  and  Frequency  of  VLF/LF  Transmitter  Sites 
Used  on  Aircraft  Flights. 

III.  Aircraft  Flight  Paths  for  October  1973. 

IV.  Aircraft  Flight  Paths  for  January  - February  1974. 

V.  Frequency  Sets  for  NELC  Mul ti -Frequency  Sounder  Transmissions. 

VI.  Identification  of  Experimental  Parameters  for  Each  Aircraft 
Flight  as  Related  to  the  Multi-Frequency  Sounder. 

VII.  Exponential  Profiles  for  Which  Field  Strength  Values  Were 
Computed. 

VIII.  "Best-Fit"  Exponential  Electron  Density  Profiles  to  Data  Recorded 
Aboard  an  Aircraft. 

^ IX.  Recommended  Electron  Density  Profiles  For  Use  in  Propagation 
P red i c t i on  s ( mi  dl  a ti t ude  s ) , 

X.  Improvements  in  the  Accuracy  of  Predicted  Signal  Levels  Over  That 

■ Obtained  From  Previously  Recommended  Profiles  (midlatitude  - winter). 
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Figure  ^ Hlock  diagram  of  transmit  receive  systems 
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i igure  .V  Block  diagram  of  receiver  system. 


O REFERENCE  SIGNAl 

FROM  PROGRAMMER  UNIT 


INPUT  FROM  NARROWBAND  RECEIVER 


[ igiired  lilock  diagram  id  correlation  receiver  unit. 


Figure  6.  KC-135  Aircraft  Showing  Crossed  Loop  Assembly 


Figure  7.  V[J-  , I f-  antenna  subsystem. 
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f igurc  14.  Measured  and  cuniputcd  daytime  signal  levels  on  the  Hawaii  to  Sentinel  path 
Hawaii  transmitter,  aircraft  Might  No.  2>^.  i cbriiary  l‘W4. 
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higure  1 7.  Measured  and  computed  nighttime  signal  levels  on  the  Hawaii  to  Sentinel  path. 
Hawaii  transmittor,  aircraft  flight  No.  26,  February  I,  1974. 
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Figure  18.  Measured  and  compuled  niglittime  signal  levels  on  the  Hawaii  to  Sentinel  path. 
Hawaii  transmitter,  aircraft  flight  No.  24,  January  JO,  1974. 
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Fifnirc  19.  NAA  17.8  kHz  niglittime  fcy  and  tjj  data  recorded  on  18-19  January 
aboard  the  RAW  KC135  airplane.  Tlic  data  ate  compared  with  IPP-computed  fields. 


Figure  22.  Block  diugrani  of  VLF/LF  window  antenna  receiving  system. 
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